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ABSTRACT: Iron regulatory proteins (IRPs) regulate iron metabolism in mammalian cells. We used
biophysical techniques to examine the solution properties of apo-IRP1 and apo-IRP2 and the interaction
with their RNA ligand, the iron regulatory element (IRE). Sedimentation velocity and equilibrium
experiments have shown that apo-IRP1 exists as an equilibrium mixture of monomers and dimers in
solution, with an equilibrium dissociation constant in the low micromolar range and slow kinetic exchange
between the two forms. However, only monomeric IRP1 is observed in complex with IRE. In contrast,
IRP2 exists as monomer in both the apo-IRP2 form and in the IRP2/IRE complex. For both IRPs,
sedimentation velocity and dynamic light-scattering experiments show a decrease of the Stokes radius
upon binding of IRE. This conformational change was also observed by circular dichroism. Studies with
an RNA molecule complementary to IRE indicate that, although specific base interactions can increase
the stability of the protein/RNA complex, they are not essential for inducing this conformational change.
The dynamic change of the IRP between different oligomeric and conformational states induced by
interaction with IRE may play a role in the iron regulatory functions of IRPs.

. Ce_HUIar iron metabollgm is highly regulated because free Table 1: Pairwise Sequence Alignments of IRPs and Aconitase
iron ions can create radicals that can damage the cell. Iron

occupies the active sites of many proteins that have major
roles in dioxygen transport (hemoglobin, myoglobin, and RP1-IRP2 53 70 7
hemerythrin), scavenging of reactive oxygen species (su- :Egé:acon!tase 25 40 16
. . . . . . aconitase 24 40 16

peroxide dismutase and catalase), nitrogen fixation (nitro-
genase), electron transport (cytochromes and ferredoxins)two IRPs have high sequence homology to aconitase and
oxygenation and peroxidation reactions (methane monooxy-both have similar amino acid sequences (Table 1), IRP2
genase, cytochrome P-450, and lipoxygenase), central carbortarries a unique 73 amino acid insert that is rich in cysteines,
metabolism (aconitase), and nucleic acid biosynthesis (ri- prolines, and glycines. The insert is named iron degradation
bonucleotide reductase). In mammals, intestinal iron uptakedomain (IDD) because some experimental evidence has
is highly regulated and serum transferrin carries iron to previously indicated that IDD is required for ubiquitination
tissues and the cells throughout the body. (Mammalian and successive proteasomal degradation of IRP2 in response
cells regulate the transport and storage of iron through theto iron-dependent oxidatior6{8), although other studies
interaction of the iron regulatory proteins (IRPs) with specific do not support this role911). It has also been reported
transcripts that encode iron metabolism proteins and iron that hypoxia stabilizes IRP2 and ubiquitination is a require-
regulatory elements (IREs) in their Br 3 untranslated ment for iron-dependent degradatidi0(12, 13).
regions 2, 3). The switch of IRP1 from the [4Fe4S] cluster liganded

In humans, two different forms of IRPs, which are form with aconitase activity to the IRE-binding activity has
structural homologues of mitochondrial aconitase, localize been associated with structural chang&ssf, which have
to the cytoplasmd). In iron replete cells, IRP1 is a functional been studied by biochemical methodst{16), but only
aconitase that contains a [4F4S] cluster in its active site,  limited biophysical data are available on the size and shape
whereas IRP2 lacks aconitase activity. When cells are iron- of the proteins in solutionl(7). To gain further insight into
depleted, both IRPs exert their post-transcriptional gene the solution structures related to the molecular mechanism
regulatory effects by binding to IRES,(5). Although the of IRPs, we conducted biophysical studies of the oligomeric
state and conformational changes by analytical ultracentrifu-
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and CA15-06 for IRP2), protein overexpressionHithia alrt) = [ () (sD(S) r.0ds + a. (r) + 0 (1
pastorisunder the control of strong alcohol oxidase promoter () = f%in (S(sDErY () +a® (1)

(AOX1) as well as protein purification can be found in ref

18. Briefly, cultured cells that were grown either by shake-

flask or fermentation methods were harvested and kept frozen Iy _ 1 3y 22

at—80°C until needed for purification1@®, 19). About 7-10 ot F&[rD o T X]

g of frozen yeast cell pellets are thawed and resuspended in

60 mL of degassed ice-cold lysis buffer. The lysis buffers (with r denoting the distance from the center of rotation,

were composed of 50 mM Tris-HCI, 10 mM KCI, 10 mM  being the angular velocity, armandD being the sedimenta-

NaCl, and 1 mM EDTA at pH 8 that was supplemented with tion and diffusion coefficients, respectively)3), calculated

0.2 mM AEBSF, 3ug/mL leupeptin, 12.%g/mL aprotinin, by finite element method28). The diffusion coefficients

0.16 mM deferoxamine mesylate, 8 mM DTT, 4 mM DTPA D were estimated through a weight-average frictional ratio

or EDTA, and complete protease inhibitor cocktail tablets. f/fo as

Either the French press or one-shot cell disrupter (Constant

Systems Ltd.) was used at the maximum operational levels D(s) = ﬁkTs_llz(’?(f/fo)w)_3/2((1 — Dp)/?})llz (3)

of pressure to break the cells. The lysed cells were 187

centrifuged at 310@9for 15 min, and the supernatant was

applied to size-exclusion chromatography, HiTrap Heparin, (with p and# denoting the solution density and viscosity,

HiTrap Q, and IRE-affinity columns as described befdr@) ( respectivelyy being the protein partial-specific volumg,

After the IRE affinity purification column, the protein  being the absolute temperature, dneing the Boltzmann

solution is in high salt (+1.5 M of NaCl) at pH 8. The  constant) 24). The time-invariant signal contributions

proteins were concentrated by ultrafiltration, followed by a ar(r) and the radial-invariant offsets(t) were calculated

final size-exclusion chromatography for buffer exchange. The by algebraic noise decompositid2gj. The integral equation

protein concentration was estimated by using a molar was solved with maximum entropy regularization. A detailed

extinction coefficient based on amino acid composition of description of this approach can be found in 2&f The

84 000 ODRg/Mcm for IRP1 and 77 000 Ofg¢/Mcm for weight-average frictional ratio and the meniscus position of

IRP2, and IRE concentrations were based on a molarthe sample were optimized by nonlinear regression, leading

extinction coefficient of 360 000 OfgyMcm. The protein to final rms errors of the sedimentation model €0.01

molar mass from amino acid sequence was 98 390 andfringes. For analysis of the slow reacting monoméimer

104 995 Da for IRP1 and IRP2, respectively. system, peaks of the(s) distributions were integrated and
Native Gel Protein Shift AssayGel-shift assays for the  the isotherm of species populations as a function of loading

protein samples and the protein/IRE complexes were con-concentrations was globally modeled using the software

ducted with a 7.5% native polyacrylamide gel (ProtoGel, SEDPHAT-_ ) o o

National Diagnostics) in TBE buffer. The IRP/IRE com- For studying the monomeidimer self-association kinetics,

plexes migrate faster than the free protein because of highth® SV data were modeled with finite element solution of

negative charge of the RNA. Purified protein was loaded Sets of Lamm equations coupled by fluyespresenting the

at micromolar concentrations, which enables staining for cheémical reaction kinetics

the protein (Simply Blue SafeStain, Invitrogen). This assay W 19 o

was described previously in ref0. In comparison with =9 p 22— swzrzxi] =j, fori=1,2

routine gel-shift assays in our laboratory with radioactively ot rorl o or

labeled RNA, smaller gel dimensions and shorter run times . . 2
are used. 115 = 2 = Ko 2202 — Kygtr) (4)

Sedimentation Velocity (SV$V analytical ultracentrifu-  with y, andy, denoting the local molar concentrations of
gation experiments were conducted with an Optima XLI/A monomer and dimer, respectivels, denoting the equilib-
(Beckman Coulter, Fullerton, CA). A total of 40 samples  rjum association constant, arg;. denoting the chemical
in 10 mM Tris and 50 mM NacCl at different protein off-rate constant for dimer dissociatio#). Best-fit time-
concentrations were used in standard double-sector Eporinvariant and radial-invariant noise components were super-
centerpieces equipped with sapphire windows, inserted inimposed to the theoretical profiles. Modeling was performed
an An60 Ti four-hole rotor. After incubation periods between with the software SEDPHATZY).

4 and 20 h for chemical equilibrium of the diluted protein  Sedimentation EquilibriumSedimentation equilibrium
sample to be attained, interference data were acquired at rotoexperiments were conducted at@ in an Optima XLI/A
speeds of 40 00660 000 rpm and at a temperature of 20 (Beckman Coulter, Fullerton, CA) at rotor speeds of 8000,
°C. The solvent density of 1.0006 g/mL and viscosity of 12 000, and 15 000 rpm in double-sector Epon centerpieces.
1.009 cPoise was calculated using the software SEDNTERP Absorbance data at wavelengths of 280, 250, and 230 nm
kindly provided by Dr. J. Philo. For studies of the interaction were acquired from samples at three loading concentrations
of IRP proteins with IRE, absorbance data at a wavelength at all rotor speeds. The protein partial-specific volumes
of 260 nm were acquired simultaneously to the interference (0.740 and 0.741 mL/g for IRP1 and IRP2, respectively) and
data. Data were analyzed using tt{g) continuous distribu-  the extinction coefficients at 280 nm (see above) were
tion of Lamm equation solutions2{) with the software predicted from the amino acid composition using the software
SEDFIT. In brief, the experimental sedimentation profiles SEDNTERP. Global nonlinear regression of the experimental
a(r,t) were modeled as superpositions absorbance profileg;(r) was performed using SEDPHAT

of solutions of the Lamm equation

(@)
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(27), using the equations for the radial concentration distribu-
tion of a monomerdimer system in reversible self-associa-
tion and sedimentation equilibrium

0% = 1)
a,(r) = ¢y (ro)e;,d exgM(1 — Up)T +

2K,.,(ro)%,d exd 2M(1 — 7 )M )
12L1lo) € vp RT

concentration (mafml)

where ¢,(rg) denotes the monomer concentration at the

reference radius, €, is the molar extinction coefficient 0.02 d . . 1 3
is the optical path lengttR is the gas constant, andis the 9% :W:
protein molar mass. This was combined with time-invariant 62 64 66 68 70 72
noise elimination, consideration of incompetent monomer radius (cm)
fractions, and/or mass conservation constrai@gy. (Error 12 _Cn T . T . ]
estimates were obtained by projections of the error surface t 1
andF statistics. g o1 ]
Dynamic Light Scatteringdutocorrelation functions were § 08 ]
acquired using a Protein Solutions DynaPro 99 instrument = 06| i :
with a DynaPro-MSTC200 microsampler (Protein Solutions, @ 04 L ;"/"; it ]
Charlottesville, VA). The scattering signal was observed at 02l //E\ j/"\ ]
an angle of 90 a wavelength of 808.3 nm, and a temperature Y R AN 1
of 20°C. Data acquisition and initial analysis were performed 0.0 2 6 3 10 12
with the instrument software, and data were exported for s-value (S)
analysis with the maximum entropy method and with discrete 1.0 ——
species models in the software SEDFIT. 08 '_D ]
Circular Dichroism (CD).CD spectra were measured in 5 [ a
a Jasco J-810 spectropolarimeter (Jasco Inc., Easton, MD). E 0.6 _’.\'\-\.\_
For each measurement, three spectra were acquired at a rate 2 T 1
of 100 nm/min with a time constant of 2 s. Spectra of IRP o 04 _"_G’_Q_}_,E//O’/‘
and IRE at about%+2 uM in 10 mM potassium phosphate o2k i
at pH 8.1 and mixtures of 1:1 molar ratio were measured at
a temperature of 280C, using rectangular quartz cuvettes of °~°0.1 ;

1 or 2 mm path length, respectively. Secondary structure was
estimated with the software CDPro, and values returned from Fioure 1: SV experiments of IRPL reveal the presence of
SELCONS ¢9), CONTINLL (30), and CDSSTRR1) were monomers and dimers in a slow reversible equilibrium. (A)
averaged. For comparison, the secondary structure wasgyolution of the concentration profiles of 444 IRP1 in 10 mM
predicted using PHD (Rost and Sander, 1994). Tris and 50 mM NacCl at pH 8.0 at a rotor speed of 60 000 rpm
(data shown are in 2 min intervals). Analysis of the data with a
model for reversibly reacting monomedimer self-association

] ] ) ) . . yields an estimated equilibrium constant 66 ~ 1 uM and a
First, we studied the oligomeric state of IRP1 in solution. reaction rate constant kfs ~ 5 x 105 s (also taking into account

SV profiles of IRP1 exhibit clearly bimodal sedimentation a trace contamination of 2% of a high molar mass species at 11.3
boundaries, demonstrating the presence of two oligomeric S). (B) Residuals of the fit in units of fringes. (C) Sedimentation

. - . : coefficient distributions(s) at loading concentrations of 4.%4),
states of the protein (Figure 1). Tlots) analysis of sedi- 555 " " )"y 35 (. )( )0_45 ©), gnd 0.23M (—) IRPL. (g)

mentation coefficient distributions shows peaks with con- Relative populations of monomerillf and dimeric ©) species as
centration-independent peak positions but with peak areasa function of total loading concentration, calculated by integration

dependent on the loading concentration, indicating the of t_hEC(S) distributions. SO_|id lines are the best-fit iso_therms with
presence of a slow equilibrium. After the initial observation &stimates oKp ~ 10 uM in the presence of a fraction of 0.28

. . L - incompetent dimer.
of the slow monomerdimer dissociation, the SV experi-
ments were repeated with long incubation periods of the 1.39, respectively, both indicating essentially globular,
sample after dilution for a self-association equilibrium to be slightly asymmetric solution structures. Because the reaction
attained prior to the start of the run. The SV data can be fit is slow compared to the time scale of the SV experiments

loading concentration (uM)

RESULTS

well with a direct boundary model for monomedimer self-
association, with a best-fit equilibrium constantgf ~ 1—2
uM, a rate constant ok, ~ (5—8) x 10°° s, and

(the estimated lifetime of the complex is approximately twice
the sedimentation time at 60 000 rpm), the sedimentation
coefficient distributiong(s) can be calculated as a function

sedimentation coefficients for the monomer and dimer of of the loading concentration and the peak areas represent
5.4 and 8.4 S, respectively. Similar results were obtained the populations of the monomeric and dimeric species. As
from experiments with different preparations of the protein shown in Figure 1, with an increasing loading concentration,
conducted at rotor speeds between 40 000 and 60 000 rpmthe fraction of dimer increases, as expected for a reversible
The sedimentation coefficients for the monomer and dimer equilibrium. As a second test for reversibility, we conducted
correspond to hydrodynamic frictional ratios of 1.35 and two sequential SV experiments of the same sample, first to
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FiGure 2: Sedimentation equilibrium analysis of the monomer
dimer self-association equilibrium of IRP1. (A) Sedimentation
equilibrium absorbance profiles of IRP1 at rotor speeds of 8000
rpm (©), 12 000 rpm &), and 15 000 rpm4). Loading concentra-
tions were 3.71, 1.23, and 0.46M, and absorbance scans were
acquired at wavelengths of 280, 250, and 230 nm. Data shown are
at the loading concentration of 3.ZM at 250 nm (scaled by factor
2 and offset by 0.3 OD vertically and 0.05 cm horizontally), 3.71
uM at 280 nm (original scale), and 0.46M scanned at 230 nm
(offset by—0.3 OD vertically). For clarity, only every second data
point is shown. Solid lines are the best-fit distributions from global
analysis including soft mass balance constraig.(The best-fit
dimerization constant iKp = 7.7 uM (with an error interval from
6.9 to 8.9uM). (B) Residuals of the fit for the 3.74M data, with
symbols for the residuals to the 280 nm scans and lines for the
250 nm scans. (C) Residuals of the fit for the 0.8 data. The s-value (S)
overall rms deviation of the fit is 0.0087 OD. FicUre 3: Oligomeric state of IRP2 by SV reveals a monomeric
protein. (A) SV interference profiles of 0/M IRP2 at a rotor
establish the initial population of monomer and dimer, speed of 50 000 rpn( for clarity, only every 4th scan and every

; i i ; 10th radial point is shown) and a single-species Lamm equation fit
followed by a 15 h concentration period in the centrifugal (solid line), which leads to a value ef.of 5.88 S and an apparent

cell at 60_000 rpm, a_nd f'na”y a Sec_c?”d ,SV run after molar mass of 111.841.5) kDa. (B) Residuals of the fit with a
resuspending the protein without re-equilibration of the self- rms deviation of 0.0027 fringes. (C) Sedimentation coefficient
association equilibrium. As expected, a higher fraction of distributionsc(s) at 0.7uM (- - -) and 3uM (—).
dimer was observed after concentration, but unfortunately,
no complete resuspension of the protein was achieved (data Next, we studied the solution association state of IRP2.
not shown). Representative SV profiles of IRP2 are shown in Figure 3.
The analysis of the isotherm of species populations suggestin contrast to those of IRP1, they are not bimodal but can
an equilibrium dissociation constantsfLO M. The slightly be described well with a single species Lamm equation
higher estimate of thé&p and the significant fraction of  solution with a molar mass of 112 kDa and a sedimentation
apparently nondissociated dimer may indicate imperfect coefficient of sow of 5.88 S. Considering the common
chemical equilibrium after dilution of the stock concentration uncertainty of the protein partial specific volume, this molar
prior to the start of the SV experiments, despite the extendedmass is consistent with that of the monomer (sequence molar
incubation period. This highlights the difficulties of this mass of 105 kDa). We found no evidence of dimer formation
approach and raises the possibility that the off-rate constantin the sedimentation coefficient distributions (Figure 3C) and
estimated from modeling the shape of the sedimentation no indications of a concentration dependence characteristic
boundaries may be an overestimate and/or that the dimerfor self-association. The measurement of the translational
may exist in different conformations with different dissocia- diffusion coefficient by dynamic light scattering gave a value
tion rate constants (see below). of D = 4.6 x 1077 cn/s that corresponds, in combination
To examine the monomedimer self-association more  with the sedimentation coefficient, to a molar mass of 122
closely and to obtain an estimate for the dimerization con- kDa, reasonably consistent with the monomer molar mass.
stant independent of the complications due to the reactionThe hydrodynamic data lead to a frictional ratio of 1.30,
kinetics, sedimentation equilibrium experiments were per- indicating a slightly more compact solution structure than
formed with IRP1 (Figure 2). The global analysis of IRP1.
absorbance profiles acquired over a wide range of concentra- The study of the interaction of IRPs with IRE was
tions and rotor speeds resulted in an excellent fit, With conducted with 36-mer oligomer RNAs derived from modi-
= 7.7 (6.9-8.9) uM. (A similar result with aKp value of fied H-ferritin IRE (Figure 4A), IRE-C. It is similar to wild-
11 uM was achieved if incompetent dimer was considered, type ferritin H-chain IRE for which the NMR structure has
with a best-fit estimate of 11%.) Together with the estimate been reported32, 33). To ascertain to what extent the
for the lifetime of the dimer from SV, we can estimate the binding properties are due to base-specific interactions, a
on-rate constant for dimer formation to be in the order of second oligomer was constructed with the complementary
Kon12~ 10 Mt s, sequence, IRE-N (Figure 4B). Because the designed sequence
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ments in 36-mer oligonucletide RNAs. (A) Modified H-ferritin IRE 3 4 L
fragment. (B) IRE-N has a complementary sequence to H-ferritin ]
RNA. 2 / L
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A . — apo-IRP1 1+ \ r
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sedimentation coefficient (S)
H ol |- revme.c FIGURE 6: Interactions of IRP1 and IRP2 with IRE studied by SV.
(A) Sedimentation coefficient distributiongs) of 4.4 uM IRP1
! 2 ) alone ¢-+) and in mixture with 1.5«M IRE-C (- - -) and 4.5uM
—apoifP2 IRE-C (—). The SV data were acquired with interference optical

detection. (B) Sedimentation coefficient distributias{(s) from a
dual-detection SV experiment with a mixture ofd® IRP1 and 2
uM IRE-C observed with absorbance optics at 260 nf) é&nd
with interference optics (- - -). (C)(s) distributions of IRP2 (2.2
uM) in the absence-{-) and presence—) of equimolar IRE-C,
1 2 3 derived from the interference optical system. For comparison, the

. - - equimolar mixture with the complementary IRE-N is shown
Ficure 5. Native gel assays for IRP samples indicate efficient -9

RNA—protein complex formation. (A) 3.8M IRP1 (lane 1) and
2 and 1uM equimolar IRP1/IRE-C complexes (lanes 2 and 3). (B) . - .
1 uM }gpz (lane 1), 0.74M equimolar IRP2/IRE-C complex 4o contribute to the stability of the complex by decreasing

(lane 2), and 0.ZM equimolar IRP2/IRE-N complex (lane 3). The  the dissociation rate constant and/or increasing the binding
IRP/IRE complexes move faster compared to the IRPs because ofenergy.
the high negative charge of IREs. The mode of interaction of the IRPs with IRE in solution
_ ~was studied in more detail by analytical ultracentrifugation.

for IRE-N is complementary to the IRE-C sequence, the final gy experiments of mixtures at different molar ratios of IRP1
shapes of the two RNAs may be assumed to exhibit similar gnd IRE-C were performed. The signal from 4M IRP1
hairpin conformations and base-stacking interactions. is shown in Figure 6A as a dotted line. After addition of

It has been established that the lRIRE binding affinity increasing concentrations of IRE-C to a constant amount of
is in the picomolar range, of 1:1 stoichiometry, and with IRP1, a concentration-dependent shift in (g profiles is
slow dissociation34, 35). Gel competition experiments and observed toward a single peak. With IRE-C in a slight molar
surface plasmon resonance experiments in our laboratoryexcess, nearly all of the IRP1 is converted inte-6.2 S
gave results consistent with this high-affinity interaction peak. Although thiss value could theoretically reflect a
(unpublished data). For the present study, the binding of IRE highly extended dimer, this can be ruled out based on
to the recombinant IRP was first characterized qualitatively sedimentation equilibrium experiments, which resulted in a
by native PAGE electrophoresis followed by staining the weight-average molar mass of 102 kDa (data not shown).
protein (Figure 5). This assay allows us to compare the For the IRP1/IRE-C complex with 1:1 stoichiometry, one
stability of the complex, and because of the high loading could expect a slightly highexvalue than the IRP1 monomer
concentration permitting protein staining, the assessment ifalone, because of the added mass of the nucleic acid (a back-
the protein is homogeneously active. The IRP/IRE complexes of-the-envelope estimate assuming the same hydrodynamic
migrate faster than the apoprotein because of a high negativeshape as the IRP1 monomer would suggess$ ealue of a
charge of the nucleic aci®(). For IRP1, tight complexes  complex with the added mass of 11.5 kDa-©5.8 S, and
with lifetimes greater than the time scale of the electro- an estimate assuming the nucleic acid to be completely buried
phoresis experiments were formed with IRE-C (Figure 5A). inside the protein would give aswvalue of 6.0 S). However,
IRP2 formed a relatively stable complex with IRE-C, but the observed increase to 6.2 S is much larger than expected,
IRE-N partially dissociated during the electrophoresis (Figure which suggests that the protein changes to a hydrodynami-
5B). These experiments demonstrate that the IRP samplesally more compact structure upon complex formation (a
exhibit a high degree of IRE-binding activity and suggest conformational change was confirmed by CD, see below).
that specific base interactions (presumed absent in IRE-N) The shift from the monomerdimer self-association toward

- IRP/IRE-C
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IA*_

a single complex with IRP1 monomer demonstrates that v ' '
IRE-C preferentially interacts with the IRP1 monomer. 2000 -
The preference of IRE-C for binding to the IRP1 was
confirmed by a dual-detection SV experiment using refractive
index and absorbance signals at 260 nm. For the protein, @

the refractive index signal is much larger than the absorbanceg 2000
signal and, conversely, for the IRE-C, the absorbance signal“g 4000
is much larger than the refractive index signal, thus ap- g
proaching selective detection. Figure 6B shows the resulting g 6000
sedimentation coefficient distributions from a mixture with g

an intermediate ratio of IRP1 to IRE-C (B IRP1 and 2 8000
uM IRE-C), where bound and unbound species should

coexist. Strikingly, the absorbance traces) Show only a 10000
single peak for the IRP1 monomer/IRE-C complex, whereas 2000
the refractive index signal from the same experiment (- - -)

shows the coexistence of unbound monomer and dimer 0

(although not hydrodynamically resolved). This illustrates

that the IRE-C binds preferentially to the IRP1 monomer. g -2000

Further, the fact that thevalue of the IRP1/IRE-C complex 5

for substoichiometric loading concentrations of IRE-C § 0

(Figure 6B,—) is identical to thes value of the complex > 5000

when IRE-C is in excess (Figure 6A;) is consistent with £

the formation of a very stable, high-affinity and saturable @ g,

interaction 26), as can be expected from the literature.
Analogously, we conducted SV studies on the IRE -10000

interaction with IRP2. Similar to IRP1, the IRP2/IRE-C ' ' : ' ' ' '
complex also exhibits a significantly higher sedimentation 200 210 220 230 240
coefficient than the uncomplexed IRP2 monomer (Figure wavelength (nm)

6C). This was observed for IRE-C and IRE-N. In the gq 0 7. cp spectra of IRP in the absence and presence of

hydrodynamic studies with IRPZ, both the free prOtein. and equim0|ar IRE-C. (A) ap0_|RP1—o and the measured Comp|ex
the complex were well-described by a model for a single IRP1-IRE-C minus the theoretical contribution of IRE-C in the

sedimenting species. Therefore, these samples lend themmixture (- - -). (B) apo-IRP2-) and the measured complex IRP1
selves well to dynamic light scattering. In these experiments, IRE-C minus the theoretical contribution of IRE-C in the mixture
. . . g o, (- --). The analogous CD spectrum of IRP2 in complex with an

we measured an increase of the diffusion coefficient by 10% oligonucleotide comprising the stem loop of IRE-C only is also
for the eqmmolar mixture of IRE-C and IRP2 as Compared shown ¢--). For both the proteins, CD is expressed as molar
to IRP2 alone. This corresponds to a 10% decrease in theellipticity per residue.
Stokes radius of the IRP2/IRE-C complex as compared to
free IRP2. This unequivocally demonstrates that the increaseexpected for double-stranded A-form DNAs or RNB6(
in the sedimentation coefficient is due to a more hydrody- 37) and were similar for both forms.
namically compact shape of the complex. The ability to  The CD spectra of the mixtures clearly deviate from those
model the sedimentation boundaries from equimolar IRP2 of the individual components, indicating changes in second-
and nucleic acid as single species with negligible free protein ary structure upon complex formation. This was observed
or free nucleic acid also demonstrates the high-affinity for protein—IRE mixtures using IRP1 (Figure 7A) or IRP2
interaction of IRP2 with both IRE-C and IRE-N, witkp (Figure 7B), as well as for IRE-C and IRE-N (Figure 8B).
values for both far below the concentration used in the The CD features of the change in secondary structure are a
present experiments. Because the kinetics of the interactiondecrease in the ellipticity in the range from 26230 nm
of IRP2 with IRE-N seems to be faster as compared to IRE-N and an increase at 200 nm. An oligonucleotide resembling
(see above), the coincidence of the peak positiorgfin IRE-C but missing the hairpin loop CAGUGC also induced
Figure 6C further supports that complex formation is of high- a conformational change-{, Figure 7B) of similar magni-
affinity and saturated for both RNA molecules under the tude but with less change at 208 nm. The spectra of the
experimental conditions2). nucleic acids IRE-C and IRE-N are similar (Figure 8A). No

The protein secondary structure and the conformational change in the spectrum in the wavelength range greater than
changes in the presence of IRE were studied further by CD 250 nm was detected when IRE-C or IRE-N were in the
spectroscopy. The CD spectra of IRP1 and IRP2 are shownmixture with IRP2 (Figure 8B). Usually, this spectral range
in parts A and B of Figure 7, respectively-J. From the reports on changes in the nucleic acid secondary structure
guantitative modeling of the experimental CD spectra, we (38). The absence of changes above 250 nm suggests that
estimated~25% helix and~25% sheet content for both IRP1  the observed CD signature of the conformational changes
and IRP2. Within the uncertainty of this determination, the of complex formation reflect changes in the structural
measured secondary structural elements appear consisterglements in the protein conformatio8§], consistent with
with those theoretically predicted from the sequence homol- the altered hydrodynamic friction (see above). With this
ogy with aconitase (Tables 1 and 2), The CD signals of assumption, the altered CD spectra correspond for IRP1 to
IRE-C and IRE-N (Figures 8A) were consistent with those an increase in the total helix content by 2% and no change
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' \ ' I [ ‘ I ‘ Differences between the radii of gyration and the Stokes radii
can be expected because the latter is determined essentially
by the surface of the protein, whereas the radius of gyration
is dependent on the mass distribution. For compact spheres,
the Stokes radius is 30% larger than the radius of gyration
(39). Further complicating is the fact that neutron scattering
would provide an average radius for mixtures of monomers
and dimers 40). Overall, the numbers of the radius of
gyration and the Stokes radii determined in the present study
seem consistent, considering slight residual curvature in the
20000 Guinier plots, as well as the shape of the pair distribution
2000 . | . | | | | | | function in the neutron-scattering study7f. However, a
L B i detailed comparison appears problematic because of differ-
ences of buffer conditions and partial aggregation detected
in ref 17. For IRP2, despite the insertion of the 73 amino
acid iron degradation domain in comparison to IRP1, the
gross solution structure of IRP2 appears slightly more
compact with a Stokes radius of 4.1 nm.

Qualitatively consistent with the results of Brazzolotto et
al. (17), we have detected an overall conformational change
of IRP1 when binding IRE ligand, leading to a compaction
of the protein. Similar results were found with IRE binding
to IRP2, which showed a decrease in the Stokes radius by
10% upon complex formation. For both IRPs, the change in
the overall hydrodynamic shape was accompanied by
o changes in the protein secondary structure. While the overall
Ficure 8: CD spectra of the nucleic acids IRE-C and IRE-N and structural elements are typical of8 proteins, a reduced

the conformational changes induced after binding of IRP2. (A) ) L . .
Molar ellipticity per base of IRE-C) and the complementary = negative ellipticity at 216220 nm and an increase in the

IRE-N (- - -). (B) Difference spectra of IRP2 in the presence and positive ellipticity at 200 nm was observed in the presence
absence of IRE (apo-IRP2 spectra minus IRFRE complexes of IRE. Similar changes in ellipticity were observed for IRE

corrected for the IRE contribution) for IRE-C—} and the  hinding by IRP1 and IRP2, indicating that the structural
cg?":g{gﬁ?igﬁf“ (---). CD s expressed as molar ellipticity o5 angement reflected in ellipticity measurements is likely
perp ' not associated with the shift in IRP1 self-association that
accompanies IRE binding. However, differences in the

20000

® (mdeg.cm/dmole)

1000 — —

-1000

A® (mdeg.cn/dmole)

-3000 1 | 1 | | |
200 220 240 260 280 300

wavelength (nm)

Table 2: Secondary-Structure Elements as Predicted, Calculated

from CD Spectra, and Calculated from the Structural Model of conformation of monomers and dimers that cannot be
8ACN discerned by CD may exist. The kinetics of the monomer
protein helix sheet loop dimgr intgrconversion of' apo-IRP1 was very sllow. Slow
IRP1 (predicted) 22 17 51 eqwllbratlo_n of se_lf-assomatlng protein species points toward
IRP1 (experimental) 25 24 an energetic barrier between monomer and dimer states and
IRP2 (predicted) 30 17 53 is not uncommon (e.g., see rét).
IRP2 (experimental) 25 25 Open and closed states of the putative ligand-binding cleft
aconitase (structure) 32 18 50 were proposed to involve conformational changes around the

i _ hinge loop B), with the “open” RNA-binding form dif-
in the total shegt content.and for IRP2 a loss of helix content farentiated from the “closed” form by the absence of an
by 5% and an increase in sheet content by 2%. associated [4Fe4S] cluster. It is unclear if the presence of
DISCUSSION a [4Fe-4S] clluster would simply stabilize the protgin ip the
hydrodynamically overall more extended form (with dimer-
In the present study, we have used biophysical techniquesization of IRP1) or induce a third conformation distinct from
to characterize the solution structures of IRP1 and IRP2 freethe two observed in the presence study. The “open” putative
and in complex with IRE. We found that apo-IRP1 exists in binding cleft and higher accessibility to proteolysi$y in
a slowly reversible monomeidimer self-association equi- the RNA-binding form would not necessarily conflict with
librium and that binding of IRE drives a conformational a more compact overall hydrodynamic shape.
change toward a more compact complex in which IRP1 is  As far as we know, IRPs are structurally unique in terms
entirely monomeric. In contrast, IRP2 did not show detect- of their RNA-binding properties because they do not contain
able dimerization but also became more compact in the any currently known RNA recognition motifs. We have
presence of IRE. observed very similar hydrodynamic shapes and secondary
In regard to the size and shape of the IRPs, the measuredstructure changes for both IRE and RNA with complemen-
translational friction coefficient indicates that the protein is tary sequence, suggesting that contributions other than base-
moderately compact. The hydrodynamic Stokes radius of the specific interactions may contribute at least to initial binding
monomer and dimer was 4.2 and 5.4 nm, respectively. and induction of the conformational change. Shape selectivity
Brazzolotto and colleagues have determined a radius ofhas recently been reported for the RNA recognition of
gyration of 4.0 nm for apo-IRP1 by neutron scatterifh@)( cysteinyl-tRNA synthetasetp). Interestingly, in the present
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case, the binding of oligonucleotide of IRE-C missing the
hairpin loop was sufficient to induce a similar, although not
completely identical, conformational change in the IRP2
protein. On the other hand, the observation that IRP2 in
complex with the complementary IRE-N exhibits a lower
lifetime as compared to IRE-C is consistent with previous
work (33—35, 43, 44) and suggests that base specificity,
which may result from interactions with the hairpin loop
bases and/or the bulge C, is important for the complex
stability. Overall, it appears that energetic contributions from
different features including charge, shape, and base-specific
contacts may play a role in different aspects of the pretein
RNA complex formation. In the present paper, we have
focused on the conformational states of the protein, and
although all ligand interactions examined were of high
affinity (Kp estimated to be in nanomolar range or tighter),
we have not attempted to measure the relative affinities,
because the biophysical methods employed here require
micromolar concentrations. Further studies and crystal-
lographic data will be needed to fully elucidate the energetic
aspects and the mechanism of binding. Nevertheless, it
appears that knowledge and consideration of the conforma-
tional flexibility of IRP1 and IRP2 will be important for the
detailed understanding of the structure and function of the
IRPs.

The SV experiments of IRP1 clearly shows the presence
of monomers and dimers of IRP1. To our knowledge, this
is the first report of self-association of IRPs. In mouse
macrophage cells, the total concentration of IRP1 is estimated
to be between 0.1 and M, which is in the range of our
estimated dimer dissociation equilibrium constant (Ghosh and
Rouault, unpublished data). Although it is difficult to relate
in vitro data on binding constants o vivo conditions, the
abundance of IRP1 supports a functional role of the dimer-
ization. In theory, other ligands stabilizing the different
oligomeric states would provide a mechanism to modulate
the protein function without altering the expression level.
For example, it has been hypothesized that phosphorylation
by protein kinase C may exert such a regulatory function on
IRP1 (16). Interestingly, the cellular abundance of IRP2,
which we found to be a stable monomer in contrast to IRP1,
is more strongly dependent on cellular iron status than IRP1
(3). Because the IRPs function as a central regulator affected
by multiple cellular factors, it is likely that they can exist in
multiple states. We propose that the monordimer
transition may represent an additional regulatory element.
Our data show that IRE binding is correlated with changes
in the oligomeric state. Further studies are needed to clarify
the influence of other ligands with regard to a preferential
interaction with the monomeric or dimeric state.
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